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Abstract Sulphur isotope measurements of bone collagen
from archaeological sites are beginning to be applied more
often, yet there are no clear criteria to assess the quality of
the collagen and therefore the validity of the sulphur
isotope values. We provide elemental data from different
methods (DNA sequences, amino acid sequences and mass
spectrometric measurements) which are used to establish a
reliable system of quality criteria for sulphur isotope
analyses of bone collagen. The difference in the amount
of sulphur from fish and mammalian collagen type I led to
the suggestion to use different criteria to assess the in vivo
character of the collagen between these two categories. For
establishing quality ranges, the bone collagen of 140
modern animals were analysed. The amount of sulphur in
fish and mammalian bone collagen is 0.63±0.08% and 0.28
±0.07%, respectively. Based on these results we define for
mammalian bone collagen an atomic C:S ratio of 600±300
and an atomic N:S ratio of 200±100, and for fish bone an
atomic C:S ratio of 175±50 and an atomic N:S ratio of 60±
20. These quality criteria were then applied to 305 speci-
mens from different archaeological contexts.
Keywords Sulphur isotope . d34S . Bone collagen .
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Introduction
Sulphur isotope analysis on archaeological bone material
has been increasingly applied in archaeology (Richards et
al. 2001; Craig et al. 2006; Privat et al. 2007), largely due
to technical advances in mass spectrometry, namely on-line
continuous flow (Giesemann et al. 1994) which allowed the
use of relatively small amounts of collagen. Sulphur
isotopes of human bone collagen can be used to address
questions of archaeological importance. For example,
sulphur isotope ratios can be used to distinguish between
freshwater and terrestrial ecosystems, especially when
measured together with carbon and nitrogen isotope ratios.
Also, sulphur isotope ratios can discriminate between the
consumption of foods from different geographical regions,
and so can be used within a given population to identify
immigrants, again when used in conjunction with other
isotopic measurements.
It is therefore important to establish criteria to validate
the results of sulphur isotopic measurements of bone
collagen, especially as the method is applied more often.
In bone, collagen type I is the most abundant protein and
commonly used for reconstructing palaeodiet (Ambrose
1990). Collagen type I is a triple helix (Ramachandran et al.
1968; Bornstein and Traub 1979; Piez 1976) and contains
two alpha 1 and one alpha 2 helices (Piez 1984). The alpha
1 and alpha 2 chains differ only slightly and consist mainly
of triplets with the order Gly-X-Y (where X stands for
proline and Y for hydroxyproline); all other amino acids are
less well represented (Piez 1976). The intracellular trans-
lated and post-translationally modified collagen fibres are
transported into the intercellular space and are then
organised into fibrils (Reddi 1984). In bone, the extracel-
lular collagen is embedded in the mineral phase (Veis 1984)
and there it can be preserved for a long time either
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unaltered or only slightly altered (Ambrose 1990; DeNiro
and Weiner 1988). For archaeological studies, it is
necessary to determine the integrity of the analysed
material. DeNiro (1985) introduced the use of the atomic
C:N ratio (2.9–3.6) as a measure of quality for carbon and
nitrogen analyses of bone collagen. Ambrose (1990) and
DeNiro and Weiner (1988) analysed modern species to
generate acceptable ranges of carbon and nitrogen contents.
Acceptable quality markers for ancient bone collagen were
also published by van Klinken (1999). If a bone collagen
has a ratio outside of this acceptable range, this is likely due
to the loss of glycine (the most abundant amino acid in
collagen) or the addition of nitrogen due to microbial
processes. Therefore, most palaeodietary studies rely on
these values to indicate the unaltered nature of the extracted
bone collagen for carbon and nitrogen isotopic measure-
ments. There are similar issues for sulphur isotope analysis.
First, a possible source of additional sulphur is from the
burial environment itself. Inorganic sulphates or sulphur
compounds from the soil (e.g. gypsum nodules, pyrites or
sulphates) can add sulphur to the extracted biomolecules
which therefore result in higher sulphur contents. Another
source of alteration can be the microbial catalysis of
sulphur-containing amino acids of the organic matrix and
resulting loss of sulphur. For the isotopic ratios, additional
sulphur from the soil is much more of a concern because of
a possible shift towards the sulphur isotope ratio of the
burial environment meaning that the measured value will
not represent the in vivo value. Therefore, we propose the
use of a similar measurement as is used in carbon and
nitrogen isotope analysis, specifically the reporting of the
amount of sulphur in a sample as well as a comparison
between the sulphur amounts in the extracted bone collagen
compared with the amounts of carbon and nitrogen (C:S
and N:S ratios). Although few published studies address the
problem of quality control of sulphur isotope analysis, there
is still neither an accepted range for sulphur contents nor
other reliable markers available. Additionally, the number
of published analysed specimen is statistically very low
(less than 150 in total). Here, we summarise these previous
studies and provide results from our own unpublished
studies to suggest quality control indicators for sulphur
isotope measurements of archaeological bone collagen.
Previous research
There have been only a few published studies that have
assessed the amount of sulphur in bone collagen as an
indicator of the preservation quality of the analysed
material (Richards et al. 2001; Craig et al. 2006; Privat et
al. 2007). Richards et al. (2001) presented the first
measurements of direct analysed ancient bone collagen
using continuous flow mass spectrometry. Richards et al.
(2001) argued for the use of C:S (and N:S) ratios to verify
the integrity and in vivo character of the collagen
molecules. Their measurements yielded C:S ratios of 494±
128. Based on calculations using published amino acid
sequences, they determined the amount of sulphur in bone
collagen to be 0.16%, which was also the value determined
by Leach (2003). Another approach for calculating theoret-
ical sulphur percentages in collagen type I was suggested
by Craig et al. (2006). Here, published DNA sequences
from genetic databases of different mammalian species
were used to calculate the amount of sulphur containing
amino acids and the percentage of sulphur. The theoretic
average ratio found for dogs (Canis familiaris) and humans
(Homo sapiens) was 548 and 605 for the C:S ratio and 177
and 189 for the N:S ratio, respectively. The analysed
animals (dog, grey seal and red deer) had sulphur amounts
of 0.22±0.02%, and therefore had C:S and N:S ratios of
496±39 and 148±12, respectively. Privat et al. (2007)
analysed modern (humans, cow and fish) and ancient
species for comparison and assessment of sulphur amounts.
The resulting C:S and N:S ratios for the modern specimens
were 278±104 and 88±33, and for the archaeological
samples 394±117 and 121±36, respectively. Therefore,
they argue that samples with sulphur amounts above 0.60%
and C:S ratio below 200 and N:S ratio below 60 should be
excluded. The aim of this present study is to obtain exact
ranges for the quality control of sulphur measurements
using many more modern samples from a range of species.
Methods
Bone collagen was extracted following the procedures
described in Richards and Hedges (1999) and Brown et
al. (1988). The bone surface was cleaned by air abrasion
with Al2O3, cut into a piece with a mass of 500-700 mg and
then demineralised in 0.5 M HCl for several days at 4°C.
The demineralised bone was heated at 70°C for 48 h and
then EZEE filtered and ultrafiltered (cut-off 30 kDa). The
resulting filtrate was freeze-dried. This procedure was
applied to all analysed bone samples, both modern and
ancient.
Approximately 0.5 mg collagen was weighed into a tin
capsule for carbon and nitrogen isotopic measurements.
The sample was combusted in a Flash EA 2112 coupled to
a Delta XP (Thermo-Finnigan®, Bremen, Germany) at the
Max-Planck Institute for Evolutionary Anthropology in
Leipzig (Germany). The resulting isotopic ratio has an error
better than ±0.1‰ and the error for the calculated amount
percent is less than 5%.
To analyse sulphur isotopes 10 mg of mammalian/avian
bone collagen and 6 mg of fish bone collagen were
60 Archaeol Anthropol Sci (2009) 1:59–75
weighed out and mixed with 1 mg of V2O5 (Microanalysis,
U.K.) to catalyse the combustion and reduce the variability
(Morrison et al. 2000). The material was then combusted in
a Heka EuroVector elemental analyser (HeKaTech, Weg-
berg, Germany) and analysed in a Thermo-Finnigan Delta
V plus (Giesemann et al. 1994; Kester et al. 2001). The
combustion takes place at 1,010°C and the resulting gases
are reduced over hot copper (~800°C) to minimize the
amount of SO3 (Ueda and Krouse 1986). The gases are
transported via a helium flow of ~95 ml/min and separated
on a GC column (Poropak 0.8 m at 84°C; see Yun et al.
2005) and then channelled into the mass spectrometer via a
ConFlo III. The N2 and CO2 gases are diluted out with
helium gas and only SO and SO2 gases are analysed at the
masses 48, 50, 64 and 66. The δ34S value is measured
against a sulphur gas standard and corrected for oxygen
isotope mass variations (Coleman 2004; Fry et al. 2002). A
daily run of ten collagen samples is accompanied by the
inorganic international standards NBS127 (20.3‰), IAEA-
S1 (-0.3‰), IAEA-S2 (21.5‰) and IAEA-SO-5 (0.5‰)
(Coplen and Krouse 1998) and two organic standards: NIST
bovine liver 1577 b (7.5‰) (Fry et al. 2002) and IVA protein
casein (6.3‰). The precision of the analyses for the
standards (organic and inorganic) are better than ±0.4‰
with a standard deviation (σ) of better than 0.3‰. Four
internal bone collagen standards (several extractions from the
same bone of two pigs and two cows) were run daily within
the runs and resulted in a standard deviation of ±0.8‰ (n=
123). Within a daily run, only ten samples of bone collagen
can be analysed to avoid biases in the isotopic results,
because of the increase of background noises in the mass
spectrometer and heavy usage of the filament. The bone
collagen samples run in duplicates on different days have
differences of ±0.6‰ or better. The amount of sulphur was
calibrated daily against the inorganic standards with a
resulting error of better than 10%.
Materials
To calculate the theoretical sulphur contents (weight percent)
of collagen type I from different species, several published
amino acid profiles and DNA/protein sequences were
collected and the weight percent of the elements of interest
were calculated based on the amino acid contents (see
Appendix for details). The DNA sequence for collagen type I
of modern collagen should not vary much from the collagen
sequences of ancient specimens. The protein database Swiss-
Prot contains nine complete modern collagen type I
sequences (separate sequences of alpha 1 and alpha 2 chains)
of different species (as of August 2008). Table 1 lists the
species by Latin name with their taxonomic class and family





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































62 Archaeol Anthropol Sci (2009) 1:59–75
translational changes in structure (Piez 1984) which are not
taken into account for the calculation of the weight
percentages. Therefore, differences may occur between
sequences from DNA compared to amino acid contents of
extracted collagen type I from animal tissues. For compar-
ison, amino acid sequences of collagen type I were collected
of three classes of modern animals (Actinopterygii, Aves,
and Mammalia). Thirty-nine modern and 15 Pleistocene
species were collected (all 54 amino acid sequences are listed
in Tables 2 and 3 with references). The calculated amounts
of carbon, nitrogen and sulphur were used for comparison
with data obtained by isotopic mass spectrometry of modern
and ancient bone collagen.
A range of modern and ancient bone collagen of
different species was analysed by mass spectrometry. The
results from the modern samples are listed in Tables 4 and 5
show the mean values per species of the ancient samples
grouped into time periods.
Results and discussion
The calculated amounts of carbon, nitrogen and sulphur
from DNA sequences and published amino acid sequences
are listed in Tables 1, 2 and 3. For the DNA sequences the
average amount of carbon and nitrogen is 46.7 and 17.6 wt
%, respectively. However, the amount of sulphur differs
between these specimens at the taxonomic level where the
mean value of fish collagen type I (Actinopterygii) is
0.45 wt %, for birds (Aves) it is 0.24 wt %, and for
mammals (Mammalia) it is 0.21 wt % (Fig. 1). This is also
evident in amino acid sequences taken from the literature
(modern specimens). Here the amount of carbon and
nitrogen is generally lower (carbon 42.1 wt %, nitrogen
15.4 wt %), but the difference in the amount of sulphur
remains (fish 0.38 wt %, birds 0.23 wt %, mammals
0.18 wt %), shown in Fig. 2.
As can be seen (Fig. 3), there are signs of collagen
degradation in the ancient bone collagen and the average
sulphur amount decreases from the modern to prehistoric
samples. The number of methionine residues is greatly
decreased, and sometimes no methionine was found at all,
and therefore the results are no more reliable than for the in
vivo character of the (bone) collagen type I.
Most collagen type I does not contain the sulphur-
containing amino acid cysteine; therefore, the amount of
sulphur originates only from methionine. Neumann (1949)
concluded that the amount of methionine in collagen type I
differs between mammals and fish. Methionine is an
essential amino acid for fish, birds and mammals as it is
converted within liver tissue to sulphur-adenosylmethionine,
which is the main methyl donor in animal tissues (Cantoni




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































66 Archaeol Anthropol Sci (2009) 1:59–75
to cysteine or other sulphur-containing molecules
(Dziewiatkowski 1962; Finkelstein and Martin 1984;
Finkelstein et al. 1988), but within a balanced diet the
incorporated methionine should be added to the methionine
pool without much loss. Therefore, the imbedded methionine
in collagen type I originates from dietary methionine (dietary
protein; Ambrose and Norr 1993), but the amount of
methionine residues within the collagen triple helix is
determined by the genetic sequence. In accordance with the
genetic sequences, the amino acid sequences of the modern
specimens show a similar pattern in the amount of sulphur
between fish and mammalian collagen type I (Table 6).
Additionally, the amount of carbon and nitrogen differs
between these sources of information (DNA sequences vs
amino acid sequences). The calculated amount of carbon and
nitrogen is consistently higher in sequences from DNA
databases than in amino acid sequences. This seems to be a
methodological artefact, but the general pattern holds.
Although the differences between the methods are significant,
taking into account the analytical error for amino acid
analysis the absolute values differ only minorly. Both
theoretical datasets are problematic; the DNA sequence will
be altered post-translationally, and the extraction of collagen
type I for the amino acid sequences adds another systematic
error of gain or loss of collagenous material. Furthermore, the
data of published amino acid sequences are biased as there is
a huge variety of extraction methods for collagen type I. But,
even with all these uncertainties, the data support the absolute
differences in the amount of sulphur between collagen type I
of mammals and fish. As shown in Table 6, there are
differences between the theoretical and measured data
possibly due to methodological errors. Reasons for the
observed effect might be additional water bound to the
molecule or post-translational changes which are not calcu-
lable from DNA sequences.
To avoid methodological biases, we tested if these
theoretical considerations hold true by applying mass spec-
trometry to modern bone collagen extracted following the
standard archaeological protocol (see above). The results are
given in Table 4, and a summary by species, mean values per
class, method and dating are given in Table 6. Most
specimens were run at least in duplicate. Figure 3 shows
the results of the mass spectrometric sulphur measurements
for each specimen. Archaeological bone collagen type I was
analysed in comparison to modern bone collagen, to estimate
the influence of the burial environment onto the sulphur
content in the organic part of the bone. For modern bone
collagen from fish, birds and mammals, the median values of
the amount of sulphur are 0.61, 0.27 and 0.27 wt %,
respectively. Bird and mammalian bone collagen are very
similar and therefore will be combined for further analyses of
the data, because there are only a few samples of birds, too
few for a statistical analysis. The only sample of a saurian
species (bearded dragon) was excluded, but shows very
interesting results, as discussed below. There is no significant
difference in the amount of carbon in fish and mammalian
bone collagen, but the amount of nitrogen and sulphur differs
significantly (Table 7). The sensitivity to outliers makes the
statistical analysis problematic and, because we are not
dealing with Gaussian distributed results, all significances
are biased. The Mahalanobis distance as a robust measure for
the difference (De Maesschalck et al. 2000) can detect
statistic significant variance within a dataset with a number of
outliers. The analyses of the measured modern samples
revealed very small differences in carbon and nitrogen, but
not in sulphur. Below a certain threshold, the difference is not
significant in a robust sense; this is the case for the amounts of


























Fig. 2 Theoretical amount of sulphur in collagen type I calculated



















Fig. 1 Theoretical amount of sulphur in collagen type I calculated
from DNA sequences based on amino acid composition of chain α1
(2x) and α2 (1x)
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cantly and consistently between fish and mammalian bone
collagen; therefore, it is necessary to validate the sulphur data
of fish and mammalian bone collagen differently.
For the modern mammals, the amount of sulphur in bone
collagen ranges absolutely from 0.17 to 0.63 wt %, but the
95% confidence interval ranges only from 0.19 to 0.32 wt %
(average: 0.28±0.07). Because of possible loss or gain of
material in archaeological bone collagen, this range should be
expanded from 0.15 to 0.35 wt % (Fig. 3). The suggested
range is taken from the 95% confidence interval combined
with the average value and standard deviation in order to
ensure adaptability to many different extraction methods and
equipment between different laboratories. The calculation of
atomic C:S and atomic N:S ratios (suggested by Richards et
al. 2001, following DeNiro 1985) result in acceptable ranges
for modern mammalian bone collagen from 313 to 696 and
111 to 216, respectively, when specimens with atomic C:N
ratios below 2.9 or above 3.6 (the acceptable ranges for bone
Time period Element Method Actinopterygii Mammalia
Modern Carbon DNA 46.31% (1) 46.78± 0.07% (8)
Amino acid 41.70±0.40% (49) 42.43±0.92% (36)
Mass spectrometry 43.34±0.43% (98) 44.41±0.86% (41)
Nitrogen DNA 17.68% (1) 17.58±0.03% (8)
Amino acid 15.56±0.12% (49) 15.44±0.46% (36)
Mass spectrometry 16.47±0.42% (98) 16.15±0.51% (41)
Sulphur DNA 0.45% (1) 0.21±0.02% (8)
Amino acid 0.38±0.08% (49) 0.19±0.04% (36)
Mass spectrometry 0.63±0.08% (98) 0.28±0.07% (41)
Historic Carbon Mass spectrometry 42.34±1.53% (42) 44.11±2.11% (113)
Nitrogen Mass spectrometry 15.48±0.57% (42) 16.07±0.83% (113)
Sulphur Mass spectrometry 0.60±0.15% (42) 0.24±0.07% (113)
Prehistoric Carbon Mass spectrometry n.d. 42.67±2.68% (160)
Nitrogen Mass spectrometry n.d. 15.29±1.09% (160)
Sulphur Mass spectrometry n.d. 0.21±0.04% (160)
Pleistocene Carbon Amino acid n.d. 42.14±0.75 (23)
Mass spectrometry n.d. 43.32±2.04% (32)
Nitrogen Amino acid n.d. 15.19±0.27% (23)
Mass spectrometry n.d. 15.54±0.78% (32)
Sulphur Amino acid n.d. 0.11±0.04% (23)
Mass spectrometry n.d. 0.24±0.10% (32)
Table 6 Mean values of the
amount of carbon, nitrogen,
and sulphur in fish (Actinopter-
ygii) and mammals (Mammalia)
determined by different methods
(calculated from DNA and ami-
no acid sequences and measured
by mass spectrometry). Results






























modern historic prehistoric pleistocene
Sauropsida
modern
Fig. 3 Amount of sulphur in
bone collagen analysed by mass
spectrometry. Results are
grouped by class of animals and
the time periods they originate
from
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collagen; DeNiro (1985)) are excluded (Fig. 4). In archaeo-
logical material, a similar range from 600±300 and 200±100,
respectively, corresponds to valid data in accordance to the
range of the amount of sulphur (Figs. 5 and 6). These ranges
expand the ones suggested by Richards et al. (2001) (C:S=
463±176) or Craig et al. (2006) (C:S=496±39, N:S=148±
12) on a much broader range of animal species and number
of specimens. The comparison with Privat et al. (2007) is
problematic because there is no distinction between fish and
mammalian samples, which confuses the mean values for the
atomic C:S and N:S ratios.
By applying these quality criteria for mammalian and bird
bone collagen to archaeological material, it can be observed
that only a few samples tend to have higher amounts of
sulphur than acceptable. In general, it can be seen that the
amount of sulphur in the archaeological samples tends to be
decreased compared to modern samples. There are three
historic samples in the dataset with too much (by comparison
to modern samples) sulphur, and therefore the atomic C:S and
N:S ratios are too low. These results are excluded in the further
process of analysing the dataset. Within the prehistoric
samples, no obvious outliers were detectable; however, in
the Pleistocene samples, again there are two samples outside
of the established range. Nevertheless, there is no difference
between the archaeological samples, but in the modern
samples the amount of sulphur is higher.
The higher amount in modern samples might be a result of
additional chondroitin sulphate attached to lysine residues of
the modern collagen fibrils (Öbrink et al. 1975). Chondroitin
sulphates are polysaccharides and bound in the endoplasmic
reticulum to the protein chain. Each molecule can add
sulphur to the collagen, when it is not removed completely
during the extraction. The chondroitin sulphate connects the
mineral phase with the organic collagen fibres (Burger et al.
1962; Schneiders et al. 2008). After demineralising the bone,
the chondroitin sulphate can still be bound to the collagen
molecules and the additional sugars would be detectable with
individual amino acid analysis. During the analysis of carbon
and nitrogen of bulk collagen, the contamination with carbon
and nitrogen from chondroitin sulphate is not detectable
because it is minor. Sulphur analysis is much more sensitive
to contamination with additional material, because of the
very small amount and direct measurement of one single
amino acid (methionine). But no similar effect seems to be
visible for archaeological material. During the time of being
buried, the short protein attachments are degraded and
therefore no longer detectable or measurable. The pH-value
of the soil and other environmental influences may discon-
nect the bonding of chondroitin sulphate and collagen and
therefore the small chondroitin sulphate molecules will be
lost during ultrafiltration.
The bone collagen of modern fish (class: Actinopterygii)
have amounts of sulphur from 0.52 to 0.83 wt % (Fig. 3).
Based on this, an acceptable range for archaeological
Table 7 Statistical analysis of the amount of carbon, nitrogen, and
sulphur of fish (Actinopterygii) and mammalian (Mammalia) bone
collagen. Results of the Wilks’ Lambda test of distribution and
Mahalanobis distances tested between the groups Acterinopterygii and
Mammalia
Wilks’ Lambda test
Element λ F value p value Mahalanobis distance
Carbon 0.994 3.071 0.080 0.031
Nitrogen 0.942 29.940 < 0.0001 0.300





















modern historic prehistoric pleistocene
Sauropsida
modern
Fig. 4 Box plots of the C:N
ratios of samples analysed by
mass spectrometry. Results are
grouped by class of animals and
the time periods they originate
from
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material would be 0.40–0.85 wt %; see above for reasons for
expanding the modern range. Comparing the atomic C:N
ratios of modern fish (Actinopterygii) and mammalian
(Mammalia) bone collagen reveal that there is a slight
tendency towards lower atomic C:N ratios in fish bone
collagen. The analysed bone collagen from modern fish bone
tends to cluster on the lower end of the acceptable range
(DeNiro 1985). The following quality criteria were applied
only to specimens within the accepted range of the atomic C:
N ratio and although the outliers are shown they are
excluded from the estimation of acceptable ranges. The
calculated atomic C:S and N:S ratios range from 175±50
and 60±20, respectively (Figs. 5 and 6). Within the historic
fish samples, there are five specimens with sulphur values
either too high or too low, and therefore their atomic C:S and
N:S ratio ranges are outside the established range. The
comparison of the amounts of sulphur in modern and historic
samples shows that there is less variation in the modern
samples than in the historic ones. Obviously then, the burial
environment greatly influences the sulphur containing amino
acids in fish bone collagen. Fish bones are less mineralised
and tend to be more easily degraded than mammalian bone
collagen. This seems to be a reason for the often observed
absence of fish bones in many archaeological sites.
The bone collagen of the bearded dragon, which belongs
to the taxonomic class of Sauropodia, displays a very old
collagen sequence and is completely different from mam-



















modern historic prehistoric pleistocene
Sauropsida
modern
Fig. 5 Box plots of the C:S
ratios of samples analysed by
mass spectrometry. Results are
grouped by class of animals and





















modern historic prehistoric pleistocene
Sauropsida
modern
Fig. 6 Box plots of the N:S
ratios of samples analysed by
mass spectrometry. Results are
grouped by class of animals and
the time periods they originate
from
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methionine residues in collagen type I is a very old
structural effect. Since there is only limited survival of
saurian bones in the archaeological record of the (pre-)
historic and Pleistocene period, we do not explore this
phenomenon in further detail here.
In Fig. 7, we show the ranges of sulphur isotopic ratios
and amounts of sulphur in bone collagen for different classes
of animals to demonstrate the power of the method. Marine
mammals, like whales and seals from open oceanic waters,
and humans and animals living in coastal regions or who
consume large amounts of seafood which also have sulphur
amounts from 0.15 up to 0.35 wt %, have sulphur isotope
ratios ranging from 14 to 19‰ (cluster 1 in Fig. 7).
Mammals and birds from terrestrial environments (cluster
2), whose diets are mainly terrestrial, or freshwater fish based
with the same range of sulphur amounts (0.15–0.35 wt %),
have much lower sulphur isotope values, ranging from
−20‰ to 14‰. Therefore, a comparison of values from
cluster 1 and cluster 2 helps to identify a marine versus a
terrestrial diet or inland-originated food from food from
marine or coastal regions. For species with higher amounts
of sulphur, ranging from 0.4 to 0.8 wt %, to be found in fish
from oceanic salt water environments (cluster 3), have
sulphur isotope ratios from 14 up to 19‰ (or more), while
freshwater fish have sulphur isotope ratios ranging from −20
to 14‰ (cluster 4). The difference in sulphur isotope ratios
between cluster 3 and 4 can be used for studying different
feeding patterns in estuarine environments.
Mammalian bone collagen with sulphur amounts below
0.15 and above 0.35 wt % is heavily altered, and therefore
does not represent the in vivo structure nor the original
sulphur isotope value of the living individual. The most
problematic situation for sulphur isotope measurements is
the addition of sulphur to the collagen as this must originate
from the environment and will have different sulphur
isotope values than the bone collagen. The loss of sulphur
is less problematic as it will represent only a minor part of
the in vivo sulphur containing amino acids in the bone
collagen. Fish bone collagen samples with sulphur amounts
below 0.4 and above 0.8 wt % need to be excluded from
further examinations. Usually, alterations of the sulphur
containing amino acids are more obvious for marine
specimens because the isotope values drift significantly
towards terrestrial isotope values or seawater sulphate
values. All results within these ranges should be seen as
representative for the in vivo characteristic of the living
organisms.
Conclusion
The aim of this study was to establish a robust assessment
of quality markers to test the suitability of archaeological
bone collagen for sulphur isotope analysis. The theoretical
calculation of the weight percent sulphur in bone collagen
calculated from DNA and amino acid sequences revealed
differences in the amount of sulphur between fish and
mammalian collagen type I. The calculated amount of
sulphur in fish collagen is 0.4 wt % and for mammalian
collagen 0.2 wt %. When we analysed the amount of
sulphur in collagen extracted from modern fish and
mammalian bone collagen, we determined the sulphur
amounts to be 0.63±0.08 and 0.28±0.07 wt %, respective-
ly. Although the measured values for the modern samples
are higher in general than the theoretical amounts, we
believe that the measured data do represent the accurate in
vivo values of the modern animals. It is perhaps possible
that the additional sulphur in the modern animals may
originate from chondroitin sulphate attached to the collagen
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Fig. 7 Scattergram of sulphur
isotope ratios versus amount of
sulphur of modern samples ana-
lysed for this study. Cluster 1
represents sea mammals, cluster
2 terrestrial mammals. Cluster 3
is the range for open sea fish
samples and cluster 4 represents
freshwater fish values
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phase of the bone. Based on these results, we suggest the
use of different ranges for the quality control of archaeo-
logical samples. Specifically, we suggest that the calculated
atomic C:S ratio for mammalian and bird bone collagen
should be between 600±300 and for fish bone collagen it
should be between 175±50. The supposed atomic N:S ratio
for mammals and birds is 200±100, and for fish 60±20.
By applying the calculated marker to archaeological
material, we found that it was then possible to exclude
obvious outliers and especially to identify samples that
contained additional inorganic sulphates. Therefore, we
suggest that researchers use the established ranges for sulphur
percentages, C:S and N:S ratios with their own data, as a tool
to help to identify poorly preserved samples and to then
exclude inaccurate sulphur isotope measurements.
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Appendix
Collagen as a protein is organised as triple helix, containing
two α1 chains and one α2 chain of amino acids. The three
chains are connected by hydrolysed bonds. The sequences of
the amino acids are inherited genetically. Single amino acids
are bonded by amide bonds (or peptide bonds). During the
reaction of single amino acids to dipeptides water is released.
Therefore, the molecular mass of each amino acid within a
chain is the amino acid mass subtracted by the molecular
mass of water. The number of residues of each amino acid
within a chain (for data from DNA sequences) was obtained.
For the theoretical calculation of the amount of carbon,
nitrogen, and sulphur, the amount of each element in all
amino acids was calculated either by molecular mass or as a
percentage (see Table 8). We calculated, for each amino acid,
the weight percentage of all of the constituent elements and
our detailed calculations are shown in Table 9. Published
amino acid sequences from species were either presented as
a percentage of each amino acid or as the number of residues
per 1,000 amino acids (which was then recalculated to
percentages). In these cases, the amount of each element was
only calculated as a percent of the complete molecule and
there is no differentiation between single chains of the
collagen molecule. The final percentages therefore represent
only a theoretical collagen molecule and post-translational
modifications are not taken into account.
The obtained weight percent of all elements of a
specimen is further used to calculate atomic ratios by
dividing the weight percent multiplied by the quotient of
the elemental weights. The resulting ratio represents the
atomic ratio of the particular elements.
Table 8 Calculation of amounts of containing chemical elements, by residue and percentage of the amino acid
Number of residue of element Percentage of element
Amino acid C N O H S Molecular weight (g×mol−1) C% N% O% H% S%
Hydroxyproline OH-Pro 5 1 3 9 0 131.13 45.8 10.7 36.6 6.9 0.0
Aspartic acid Asp 4 1 4 5 0 131.09 36.7 10.7 48.8 3.8 0.0
Threonine Thr 4 1 3 9 0 119.12 40.3 11.8 40.3 7.6 0.0
Serine Ser 3 1 3 7 0 105.09 34.3 13.3 45.7 6.7 0.0
Glutamic acid Glu 5 1 4 9 0 147.13 40.8 9.5 43.5 6.2 0.0
Proline Pro 5 1 2 9 0 115.13 52.2 12.2 27.8 7.9 0.0
Glycine Gly 2 1 2 5 0 75.07 32.0 18.7 42.6 6.7 0.0
Alanine Ala 3 1 2 7 0 89.09 40.4 15.7 35.9 7.9 0.0
Cysteine Cys 3 1 2 7 1 121.16 29.7 11.6 26.4 5.8 26.5
Valine Val 5 1 2 11 0 117.15 51.3 12.0 27.3 9.5 0.0
Methionine Met 5 1 2 11 1 149.21 40.2 9.4 21.4 7.4 21.5
Isoleucine Ile 6 1 2 13 0 131.17 54.9 10.7 24.4 10.0 0.0
Leucine Leu 6 1 2 13 0 131.17 54.9 10.7 24.4 10.0 0.0
Tyrosine Tyr 9 1 3 11 0 181.19 59.7 7.7 26.5 6.1 0.0
Phenylalanine Phe 9 1 2 11 0 165.19 65.4 8.5 19.4 6.7 0.0
Hydroxylysine OH Lys 6 2 3 14 0 162.19 44.4 17.3 29.6 8.7 0.0
Lysine Lys 6 2 2 14 0 146.19 49.3 19.2 21.9 9.7 0.0
Histidine His 6 3 2 9 0 155.16 46.4 27.1 20.6 5.8 0.0
Arginine Arg 6 4 2 14 0 174.20 41.4 32.2 18.4 8.1 0.0
Asparagine Asn 4 2 3 8 0 132.12 36.4 21.2 36.3 6.1 0.0
Glutamin Gln 5 2 3 10 0 146.15 41.1 19.2 32.8 6.9 0.0
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